Abstract We analysed data from 155 revisions of identical cementless hip prostheses to determine the influence of patient-, implant-and surgery-related factors on the polyethylene wear rate and size of periprosthetic osteolysis (OL). This was calculated by logistic regression analysis. Factors associated with an increased/decreased wear rate included position of the cup relative to Kohler's line, increase in abduction angle of the cup, traumatic and inflammatory arthritis as a primary diagnosis, and patient height. Severe acetabular bone defects were predicted by an increased wear rate (odds ratio, OR=5.782 for wear rate above 200 mm 3 /y), and increased height of the patient (OR= 0.905 per each centimetre). Predictors of severe bone defects in the femur were the increased wear rate (OR=3.479 for wear rate above 200 mm 3 /y) and placement of the cup outside of the true acetabulum (OR=3.292). Variables related to surgical technique were the most predictive of polyethylene wear rate.
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Introduction
Debris from polyethylene (PE) wear is believed to be a key factor in the development of osteolysis around total hip arthroplasty (THA) [1] . This debris triggers multiple adverse host reactions that involve signalling pathways and finally result in osteoclast-mediated bone resorption [2] . Wear particles originate predominantly from motion between two opposing, articulating surfaces, but other mechanisms of particle generation are also possible [3] . As the number of primary THAs is increasing and PE remains the main weight-bearing material, interest has increased in understanding its mode of degradation, with the goal of preventing it.
The many factors that influence PE wear in vivo are traditionally divided into those related to the patient, the implant, and the surgery [4] . The known influences on PE wear include level of physical activity, age, gender, primary diagnosis, design-related variables, type of PE, and quality of implant settlements [5] [6] [7] [8] . Other factors that may be important, but are not readily analysed, include third body wear, composition of joint fluid, type of lubrication, and individual motion pattern.
In a previous study, we found a high risk for increased wear rate associated with this prosthesis [9] . Moreover, the univariate analyses revealed that wear rate was influenced by primary diagnosis, use of zirconia ceramic heads, medial cup settlement, and date of surgery. However, such analysis was designed neither to give insight into the influence of competing factors nor to quantify the magnitude of each factor's influence. Therefore, we conducted our study with more patients, using logistic regression to identify the significant predictors of high and low wear rates. The same data were also analysed to identify predictors of severe bone defects at both the acetabular and femoral sites. The identification of such predictors may be useful in making clinical decisions about THA and reducing the need for surgical revisions.
Patients and methods

Patients
Patients undergoing surgical revision of THA between August 2000 and December 2005 were included in the study. The revised cases belonged to a group of patients with ABG I prostheses operated upon at the author's institution between September 1994 and January 2000 (n=506). We previously reported on the poor 12-year survival of the ABG I prosthesis [10] . Information was collected on the indication for the original arthroplasty, the time since the arthroplasty, and indication for revision. The ethical committee of the institution approved the study protocol and all revisions were performed under standard conditions with written informed consent of the patients. The majority of revisions (>90%) were performed by a single surgeon.
Prosthesis
The first generation of modular, cementless hip prosthesis (ABG I, Howmedica, Inc., Staines, England) was used [11] . The ABG I prosthesis was designed in the 1980s as a press-fit hemispherical cup and anatomical stem with hydroxyapatite coating. Marketing began in Europe in 1989 and in the Czech Republic in 1993. The first studies on this implant reported excellent early results [12, 13] . Therefore, we opted for this prosthesis in younger patients. All primary procedures were performed by eight experienced surgeons via an anterolateral approach, according to the manufacturer's instructions. Patients were protected from weight-bearing with crutches for the first four weeks which was followed by a period of partial weight-bearing as tolerated; full loading was permitted 12 weeks after the surgery. All patients had routine perioperative antibiotics and prophylaxis against thromboembolic disease using subcutaneous heparin or low-molecular weight heparin.
All PE liners were ram-extruded from Hostalen GUR 4150 and air-sterilised with 25 kGy gamma irradiation. The PE thickness ranged from 4.9 to 12.9 mm. Both standard (n=125) and hooded polyethylene liners were implanted (n=30). In nearly all of the hips a 28-mm femoral head made from cobalt-chromium alloy (n=143) was inserted, except for 12 cases in which a 28-mm zirconia head was used. Tables 1 and 2 summarise the data that were included in the analyses.
Wear measurement
After prosthesis extraction, all of the PE liners were immersed in Sekusept aktiv (Ecolab GmbH, Düsseldorf, Germany) for 24 hours and sterilised in formaldehyde for two hours. The wear measurements were performed by one of the authors (VH). Briefly, linear wear, defined as the maximum penetration of the prosthetic head into the polyethylene liner, was determined using a previously reported method that measures the shift of the centre of the prosthetic head from the manufactured to the post-use position. To determine the centre of a ball of known diameter, it is sufficient to measure four surface space coordinates with the touch stylus of the Universal-type measuring microscope (VEB, Carl Zeiss, Jena, Germany). This measurement was made after fixation of the retrieved prosthetic femoral head in the retrieved cup for each of the positions mentioned. Nine space coordinates were determined in practice to improve measurement accuracy. Assuming that the diameter of the cup and the head are known, it is possible to calculate the linear and volumetric wear using a geometrical "two-sphere model" and a special computational algorithm that also takes into account the original position of the prosthetic head in the cup and the cross-sectional profile of the ABG I cup. The accuracy of the described method was previously assessed in a set of 30 retrieved cups, ranging between 1 and 4 μm and 1-9 mm 3 for linear and volumetric wear, respectively [14] . The reliability of the method has also been previously reported [15] .
Clinical and radiographic evaluation
All hips included in the study had stable prostheses one year after the index operation based on review of radiology reports. All of the patients were clinically and radiographically examined prior to revision surgery using the same protocol. The Charnley classification was applied to estimate the level of walking capacity, with class A having no disturbance in locomotion, class B with bilateral hip disease and normal findings in other weight-bearing joints, and class C with severe compromise of locomotion due to multiple joint involvement [16] . Anteroposterior pelvic X-rays were performed with the patient in the supine (non-weight-bearing) position. Interpretation of radiographs consisted of the evaluation of the cup position relative to the lateral part of tear drop figure, determination of the cup position relative to the true acetabular region [17] , and measurement of the abduction angle of the cup. The position of the cup in relation to the floor of the acetabulum was graded as lateral, in contact, or medial depending on relationship between a most medial part of the cup and Kohler's line. The abduction angle is the angle formed by a horizontal line along the teardrop, ischial tuberosities or obturator foramina and a line along the open face of the cup. Bone defects were evaluated intraoperatively and expressed in terms of Saleh's classification at the acetabular site, i.e. no significant bone loss (type I), contained bone loss (type II), moderate uncontained bone loss (type III), severe uncontained bone loss (types IV), and pelvic discontinuity (type V) [18] . At the femoral site, the same classification was used. Finally, the stability of the implant was evaluated intraoperatively.
Statistics
The primary goal of the study was to identify the predictors of high and low rates of PE wear. A stepwise logistic regression analysis was chosen because a high wear rate was defined as >0.2 mm/y or >200 mm 3 /y; a low wear rate was ≤0.1 mm/y or ≤100 mm 3 /y. In the logistic regression analysis, the effect of a number of independent variables was determined with wear rate as the dependent variable. To enable this analysis, some variables were recoded and rescaled as either 0 or 1 (Table 1) , while others were included as continuous variables ( Table 2) . As a result, wear data for retrieved ABG I PE liners were simultaneously analysed in relation to variables that could be distinguished by demographic (age, gender, weight, height, primary diagnosis, and the Charnley classification of activity), surgical (abduction angle of the cup, position of the cup relative to the Kohler's line, and the true acetabular region), and implant variables (size of the cup, thickness of the PE liner, type of PE liner, metallic/ceramic femoral head). A stepwise variable entry continued if the inclusion α value was less than or equal to 0.05. This sequential inclusion/exclusion of independent variables according to stepping criteria eventually leads to the selection of a single "optimal" model [19] . Therefore, variables without significant associations with wear rate were removed from the model. In addition, the data were modelled according to limits for a high wear rate (>100 mm 3 /y) and a low wear rate (≤80 mm 3 /y). Also, factors that predicted severe bone defects (dependent variable) were analysed in the same way after wear rate was added to the independent variables listed above. Survival of the index prosthesis was computed using the Kaplan-Meier methods. Survival curves derived for particular wear rate groups were compared by the log rank test. The accepted significance level was 0.05. Statistical analysis was performed with the commercial SPSS 14.0 package (SPSS Inc., Chicago, IL, USA).
Results
The study included 155 patients (44 men, 111 women) who had surgical revisions of THA after a mean of six years from the index operation. The reasons for revision were periprosthetic osteolysis (n=115, 74%), aseptic loosening of the cup (n =32, 21%) or stem (n = 2, 1%), and periprosthetic fracture of the femur (n=6, 4%).
Prosthetic survival analysis
The mean time to revision was 5.96±0.15 years (mean ± standard deviation [SD]). Mean linear and volumetric wear rates were 0.415 mm/y (range 0-2.284, SD 0.364) and 153 mm 3 /y (range 0-815, SD 134.4), respectively. Wear rate was found to have a significant influence on survival of the prosthesis only when the whole group was divided into those having a wear rate above and below 200 mm 3 /y (Fig. 1) ; the other analyses, according to incremental wear rate (i.e. 0.1 mm/y, 0.2 mm/y, 100 mm 3 /y) failed to reveal significant influence on implant survival.
Factors that influence high and low wear rates
Among the variables ( Tables 1 and 2 ) that were included in the logistic regression, only four significantly predicted a high or low wear rate. Predictors of accelerated and decelerated linear and volumetric wear are summarised in Table 3 . The most surprising finding was a potential role for patient's height in the wear rate. On the other hand, no role was detected for age, gender, weight of the patient, BMI, Charnley classification of activity, initial PE thickness, type of liner, material of the prosthetic head, and stability of the implant at the time of surgery. Logistic regression also determines the percent of variance in the dependent variable explained by the independent variables to assess the relative importance of the independent variables. The best regression achieved was 15% (Nagelkerke R 2 =0.15), and −2 log likelihood was above 120, indicating a poor fit of the regression model to the wear rate data.
Factors that predict severe bone defects Development of bone defects is believed to be a direct consequence of PE wear rate, assuming a positive correlation between higher wear rate and more severe bone defects. Among the factors (Tables 1 and 2 ), including the linear wear rate/volumetric wear, that were included in the regression analysis, only three significantly predicted the severity of bone defects (Table 4) . Of them, the most important factor was PE wear rate. Patients having higher linear/volumetric wear rates had a higher risk for severe acetabular (types IV or V) and femoral bone defects (type III). The other two factors affecting bone defects were the patient's height and the position of the cup in relation to the true acetabulum. The best regression achieved was 19% (Nagelkerke R 2 =0.191) and −2 log likelihood was 88.8, indicating a better fit of the regression model to the size of osteolysis than to the wear rate data.
Discussion
This study confirmed the finding from other studies that certain surgical factors such as position and orientation of the cup are associated with increased wear rates of prosthetic hips [7, 8, 20] . Furthermore, the primary diagnosis and the height of the patient were found to significantly influence wear rate. In addition, a high wear rate was strongly associated with severe osteolysis.
PE wear has been considered a key parameter for periprosthetic osteolysis development, and its multifactorial origin is now generally accepted [5, 21] . In this study we used logistic regression to determine the effect of independent variables on wear rate and on the extension of bone defects. An advantage of our analysis was that the majority of revision operations (>90%) were performed by a single surgeon, and a large number of THAs were included with the in vitro measurement of the wear of retrieved PE liners. In addition, all hips had the same type of implant, which diminished the role for interprosthetic differences as a source of variability. Another theoretical advantage is that the final single model in a stepwise logistic regression model should reliably indicate the most important examined variable.
The strongest coefficient of determination found in the wear-related part of this study was 0.15, which may seem surprisingly low upon initial evaluation. However, this finding is in accordance with other studies, including those that used multiple linear regression models, which are principally different from logistic regression. In a large clinical trial with Duraloc cups, Hopper et al. found that eight factors accounted for 26% of the variance in wear rate [4] . According to Wan et al., the multiple regression model explained only 21.5% of the variation in PE wear rate [8] . Moreover, when wear rate variance was analysed by multiple linear regression in the same patients with bilateral THA, the patient-and implant-related variables accounted for 61% of the variance in wear rate [22] . In clinical terms, these studies show that the majority of the variability in wear rate (e.g. 85% in our study) could not be explained, even under ideal conditions. As a result, several unknown or poorly quantified factors may account for the variability. Such factors may include the quality of the PE, the patient's activity level, third body wear, conditions of the internal environment or differences in surgical technique.
In this study, the factor that most strongly correlated with wear rate (i.e. had the highest odds ratio) was the position of the cup relative to Kohler's line. Lateral displacement was a risk factor; medial displacement was a protective factor. This observation is in accordance with the biomechanical concept that the centre of rotation should be as medial as possible to reduce the resultant torque and risk of hardware loosening when the femoral offset is unchanged [23] . Therefore, this study, and others [7, 8, 20, 24] , support cup implantation as medially as possible to achieve minimal PE wear. An increased inclination angle of the cup in the frontal plane (i.e. abduction angle) was significantly associated with a greater wear rate. This finding is in accordance with other studies [8, 25] and may be explained by eccentric sliding of the prosthetic head in conjunction with the impact of the head on a surface much smaller than the head itself. These factors could lead to rim overuse and acceleration of wear rate. However, several studies failed to find a role of abduction angle in the acceleration of wear rate [26] [27] [28] [29] . The reasons for these results are not clear, but at least partially may lie in the radiographic origin of wear measurement used in these studies. These radiographic measurements may be less sensitive in detecting wear than in vitro measurements [30] .
A most surprising finding in our study was the significant association between patient height and increased wear rate. This finding was also supported by the inverse relation (i.e. decreased probability of low wear with increased height). However, predicting the relationship between patient height and volumetric wear rate is not as simple as one may at first assume, since a number of factors are involved. To our knowledge, the impact of the patient height on wear rate is rarely mentioned in the literature, despite the fact that height directly influences the body weight which, in turn, leads to greater forces applied to the hip [31] . Archard's equation predicts that the volume of wear per unit of sliding distance will increase in direct proportion to the load [32, 33] , (i.e. with the cube of patient height). Moreover, in this study, only 28 mm heads were used. Since the total contact area was, therefore, constant as the weight of the patient increased, the contact stress was greater for taller patients, approximately in proportion to the cube of height. This would be expected to cause a substantially greater volumetric rate of wear in the taller patients. Another factor is the femoral offset, which tends to be greater in taller people [34] . Unfortunately, this parameter cannot be strictly restored in all patients by a single prosthetic design. As a result, inability to restore femoral offset adequately can lead to decreased abductor muscle strength and greater forces across the hip joint [35, 36] . Taken together, if these considerations are correct, strong positive correlation of volumetric wear rate with the height of the patients could be expected [McKellop, H., personal communication]. However, these issues were not investigated in our study and require further research.
Many clinicians and researchers believe the most important factor influencing the wear rate is activity level [6] . We found that Charnley classification of activity is not sensitive enough to explain wear rate variability. Recently, Roder et al. augmented the Charnley classification with a class BB for those with bilateral THA [37] . Even with that modification, we are sceptical of its sensitivity to detect true differences in activity level. Therefore, a new approach to this issue is needed.
Finally, our finding that higher PE wear rates are associated with a risk of severe osteolysis at both the acetabular and femoral sites is in accord with the literature [21, 38] ; this finding strongly supports particle disease as the leading mechanism of osteolysis initiation and expansion [1] . On the other hand, the main limitation of our study is that it is based on an implant especially prone to rapid wear and the initiation of OL. The overall 12-year survival for ABG I prostheses, found in our previous study, was 55% [10] , which is in agreement with several studies [39] [40] [41] [42] but contrasts with others [11, 43, 44] . The reasons for the disparity are still not clear, but this issue is discussed elsewhere [10] . Briefly, it has been disclosed that PE liners made from GUR 415HP resins possess greater biological activity compared to PE made from GUR 1120 [45] . Moreover, when sterilised by gamma irradiation in the air, the PE can undergo significant deterioration of their mechanical and chemical properties after long-term in vivo function [46] . In addition, the multi-hole design of the cup, together with a poor locking mechanism for the PE liners in the ABG I cups, could lead to the repetitive generation of screw-hole fluid pressure at levels greatly exceeding the threshold for OL induction [47] . These characteristics and the fact that only patients with failed implants were included could bias our results by providing an inadequate number of hips with lower wear rates and/or less severe osteolysis.
We can conclude that PE wear rate was most significantly influenced by the position of the acetabular component. Based on this, we recommend placing the PE cup (centre of rotation) as medially as possible to allow for an abduction angle below 50°without compromising bone coverage of the cup. Further studies are needed to confirm whether patient height influences PE wear rate and to investigate the mechanism of this possible influence.
